The synergistic inhibition of the growth of Marchantia polymorpha gemmalings by lysine and threonine and its prevention by methionine has been investigated utilizing '4C-labeled amino acids. Experiments involving the uptake of '4C-lysine or '4C-threonine in the presence or absence of methionine indicated that the synergistic growth effects were not a result of altered amino acid uptake. These data, as well as direct chemical analysis, indicated that growth inhibition was correlated with an inhibition of protein synthesis. Experiments utilizing '4C-aspartic acid revealed that the presence of lysine and threonine resulted in increased 14CO2 production and an accumulation of soluble 14C-aspartic acid and labeled ninhydrin-positive compounds. These metabolic alterations were prevented when methionine was also included in the growth media. A model depicting a sequence of events which involve the interaction of regulatory mechianisnms is suggested to account for the effects of specific amino acids on plant growth. biosynthetic pathway) which is subject to concerted (multivalent) feedback inhibition by these amino acids (8, 26) . Thus, inhibition of bacterial growth has been postulated to result from inhibition of the activity of this enzyme which could, in turn, prevent the synthesis of methionine (3, 6, 26) . The over-all characteristics of the effects of lysine, threonine, and methionine on the growth of Marchantia gemmalings suggested that a similar mechanism might be applicable (11).
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Preliminary attempts to assay aspartokinase activity in extracts of Marchantia have so far been unsuccessful. Therefore, '4C-labeled amino acids were utilized to study the effects of lysine and threonine on gemmalings. The results of these experiments suggest that a number of metabolic changes, including a decrease in protein synthesis, accompany inhibition of growth. These changes were not observed in plants grown on media containing lysine, threonine, and methionine. Mechanisms are suggested whereby specific exogenous amino acids could influence the over-all metabolic pattern of a cell and, thus, inhibit growth.
MATERIALS AND METHODS
It has recently been shown that two natural amino acids, lysine and threonine, synergistically inhibit the growth of gemmalings of the thalloid liverwort Marchantia polymorpha (11) . Inhibition of growth is accompanied by loss of normal pigmentation at amino acid concentrations as low as 1 ,UM. These effects are only observed in the presence of both L-lysine and L-threonine, are reversible upon removal of these effectors, and can be specifically prevented by low concentrations of L-methionine or L-homoserine. The inhibitory amino acids and those that prevent synergistic inhibition of growth are metabolically related, in that aspartic acid is considered to serve as a general biosynthetic precursor of lysine, homoserine, methionine, threonine, and isoleucine in bacteria (7) , and higher plants (9, 18) . The growth of certain bacterial species has also been shown to be inhibited by combinations of lysine and threonine. In these cases, the bacteria possess an aspartokinase (the first enzyme in the highly branched Supported by National Science Foundation Grants GB Gemmae were collected from stock plants of Marclantia polymorpha L., transferred to nylon mesh, surface sterilized, and grown as previously described (10) . When "4C-labeled amino acids were employed, the nylon mesh containing 200 to 300 gemmae was placed on the surface of 1 (w/v) purified agar (Difco) containing a standard mixture of inorganic nutrients (10) and the appropriate amino acids. After incubation, gemmalings were washed repeatedly, homogenized in 75 % ethanol, and fractionated by a slight modification of the procedure described by Roberts et al. (29) . This procedure yielded ethanol-, ethanolether-, trichloroacetic acid-, acidified ethanol-, and ether-soluble fractions plus an insoluble residue. Since most of the radioactivity was present in the ethanol-soluble and residue fractions, only these fractions were collected in the experiments involving 4C-aspartic acid. The residue fractions were further fractionated by hydrolysis in 6 N HCI for 12 hr at 100 C. The hydrolysate was washed and concentrated by repeated addition of H20 and reduction in volume at 35 C under a partial vacuum.
Two dimensional chromatography was employed to identify individual amino acids. Two separate solvent systems were employed in all experiments. System 1 was composed of: 1-butanolacetic acid-water (40:10:50, v/v) in the first dimension, and pyridine-water (65:35, v/v) in the second dimension. System 2 contained 2-butanol-formic acid-water (70:10:20, v/v) in the first dimension, and phenol-ammonium hydroxide-water (80: 0.3:20, v/v) in the second. Control experiments, using mixtures of commercially prepared amino acids, were conducted to identify the positions of specific compounds. A mixture of unlabeled carrier amino acids (0.06 ,moles each of aspartic acid, asparagine, homoserine, isoleucine, lysine, methionine, and threonine) was routinely spotted along with aliquots of the ethanol-soluble or hydrolyzed residue fractions on a 12-inch square of Whatman No. 1 chromatographic paper.
After development in the appropriate solvent system, chromatograms were dried and sprayed with a solution containing 0.5 g of ninhydrin dissolved in 100 ml of a solution of 1-butanol saturated with water (93 ml) and acetic acid (7 ml). Ninhydrin-positive spots were cut from the chromatograms and eluted with 1.0 ml of 75C% ethanol for 4 hr. An aliquot of the eluate was placed on a planchet, dried, and the radioactivity was measured as described below. No statistically significant differences in the recovery of individual amino acids were found in control experiments in which uniformly labeled 14C-amino acids were chromatographed individually or as mixtures. The (11) . The results presented in Figure 1 indicate that significant (p = 0.05 with the t test) inhibition of growth could be detected within 12 hr after exposure of the plants to lysine and threonine. Growth in the presence of lysine, threonine, and methionine is inhibited to a lesser extent. Any one of these amino acids will inhibit growth to some extent at the concentrations employed. Thus, the same reduction of growth would occur in the presence of 500 /iM lysine, threonine or methionine (10, 11) The presence of methionine does, however, eliminate the synergistic effects of lysine and threonine even at these higher concentrations (11) . Therefore, excess levels of the effectors were utilized to accentuate the relevant metabolic phenomena.
Incorporation of '4C-Lysine and '4C-Threonine. If Figure 2 . The majority of 14C was found in the ethanol-soluble fraction at each time explained. A representative distribution of 14C among the different fractions is described in Table I . The ethanol-soluble fraction would include free amino acids, other metabolic intermediates, some lipid, chlorophyll, and ethanol-soluble protein (29) . Lesser amounts of 14C were found in the trichloroacetic acid-soluble and residue fractions.
The remaining fractions contained insignificant '4C and no detectable 14CO2 was evolved.
The rates of '4C-lysine uptake were only slightly altered when various combinations of the effectors were present (Fig. 2) . However, threonine did not facilitate the uptake of lysine nor did methionine reduce lysine uptake. The uptake of threonine was enhanced by the presence of lysine and reduced when both methionine and lysine were present in the media. The effects appear to be slight changes (15-25%o) 4 Trichloroacetic acid.
The consistently low incorporation of 'IC into the residue fractions of plants treated with lysine-threonine correlated with the reduced growth of these plants and suggested that protein synthesis might be affected (Fig. 1 , Table II ). Therefore, unlabeled insoluble protein was isolated from plants grown in the presence and absence of the effectors and measured by the method of Lowry et al. (20) following alkaline hydrolysis (Table III) . Reduction in the protein content of lysine-threonine treated plants was evident by 24 hr. Although the amount of protein measured after 12-hr growth in the presence of lysine and threonine was not lower than the controls, the more sensitive analysis based on 'IC-amino acids suggested that protein synthesis was actually reduced prior to this time. If methionine was also included in the media, the synthesis of protein was clearly comparable to that occurring in control plants (Table III) .
Incorporation of '4C-Aspartic Acid. In order to study the metabolism of the precursor of the lysine and threonine, gemmae were planted on the surface of 4.0 ml of agar containing various combinations of the effector amino acids, each at 500 A,uM and 2.5 ,uc of undiluted uniformly labeled 34C-aspartic acid. The resultant molar concentration of aspartic acid was well below the level that could affect the growth of control plants (10) or influence the response of the plants to lysine-threonine or methionine (11) . The presence of the effectors initially seemed to reduce the assimilation of aspartic acid, but when "CO2 evolution was measured, the total uptake under each condition proved to be similar (Table IV) . Although '4CO2 was not measured during incubations of less than 12 hr, it is likely that the apparent differences in total uptake at 1 and 6 hr could also be accounted for by differential "CO2 production. Thus, over a 12-hr period, the presence of specific derivatives of aspartic acid in the media resulted in a substantial increase in the production of "CO2 from "4C-aspartic acid over that observed when plants were grown in their absence. It should be noted that this occurred in the presence of lysine and threonine, as well as when methionine was included in the media.
Since the effector amino acids were present at high levels during these experiments, some reduction in the incorporation of 14C into the residue fractions would be expected due to isotopic competition between the metabolic derivatives and the exogenous amino acids. Comparison between the lysine-threonine and lysinethreonine-methionine treated plants can, however, be made. In this case the presence of methionine (another derivative of aspartic acid) would be expected to further reduce the 'IC incorporation into the residue since additional competition should occur. Instead, there was an increase in the amount of label transferred from the soluble to the residue fraction by 12 hr (Table IV) . Although the ethanol-insoluble residue undoubtedly contains several components, these results are consistent with an inhibition of protein synthesis in the presence of lysine and threonine and continued synthesis in the presence of methionine. 1  107  109  108  97  55  59  3  177  168  157  170  211  215  6  283  475  230  408  756  574  12  660  620  530  459  1130  1220  24  2350  2410  1410  1080  1490  1340 1 Experimental procedures are described in "Materials and Methods." Data are averages of duplicate experiments.
2 4C-labeled amino acid. I L = lysine, T = threonine, M = methionine. Each amino acid was present as indicated at 500 jlM. (Table V) . There was a corresponding decrease in 14C The results obtained for the residue fraction (Table V) demonstrate that regardless of the metabolic changes which accompany or cause growth inhibition, the relative incorporation of 4C-derivatives into this fraction is virtually unaffected. With the exception of the expected isotopic dilution of the pathway products and an alteration in the relative amounts of unidentified compounds, there were no obvious differences in the isotopic composition of the residue fraction derived from plants subjected to the different experimental treatments. This suggests that the composition of the residue protein was not significantly altered by the treatments even though the amount was reduced in the presence of lysine and threonine.
Incorporation of "4C into several amino acids after incubating the plants for 12 hr with "4C-aspartic acid and combinations of the effector amino acids is presented in Table VI. The total recovery of "C in these products was reduced significantly when either lysine-threonine or lysine-threonine-methionine were included in the media. Measurable amounts of "4C were detected in all cases, however, suggesting that if aspartokinase activity was inhibited, the inhibition was not total. Given the fact that the unlabeled compounds would be expected to compete with the newly synthesized compounds, the reduction in incorporation into the residue is predictable. If competition alone were sufficient to explain these data, a corresponding increase in ethanol-soluble compounds might be expected due to continued synthesis accompanied by reduced utilization of aspartic acid derivatives. Several factors could contribute to these results. The aspartic acid derivatives could be synthesized and then rapidly metabolized. Although this undoubtedly occurs to some extent, an extremely high catabolic ability would be required to dissipate both the labeled and unlabeled compounds. If this capacity existed in the control plants, the "C levels of these amino acids would again be low in comparison with those derived from treated plants. The possibility that these amino acids were synthesized prior to inhibition of aspartokinase by lysine and threonine was eliminated by the results of experiments in which plants were grown on media obtain an estimate of the 14C-aspartic acid available over the period of the incubation for each experimental treatment. The estimates obtained for lysine-threonine-and lysine-threoninemethionine-treated plants were then normalized to the level of '4C-aspartic acid in control plants and the 14C contents of specific compounds isolated after 12-hr incubation were multiplied by the appropriate normalization factor. The corrected data are plotted as a percentage of the control in Figure 3 . A value of 100% would indicate that the synthesis of a given compound is dependent upon the level of "4C-precursor available during the incubation period and larger or smaller values would suggest that one or more of the assumed conditions noted above was not met.
The corrected values for aspartic acid presented in Figure 3 suggest that the normalization procedure led to a slight overestimation of the available aspartic acid over a 12-hr period. The equivalence of the estimated synthesis of glutamic acid under two different conditions tends to substantiate the validity of the initial assumptions required in deriving these data. Glutamic acid is closely related to aspartic acid and might be expected to equilibrate quickly with it via transamination and activity of the tricarboxylic cycle enzymes.
It is striking that the only compounds that exhibited corrected 14C values notably below control level were those specifically derived from aspartic acid via the branched biosynthetic pathway in question when the plants were grown in the presence of lysine and threonine (Fig. 3) . Therefore, one or more of the conditions described above is not satisfied. Pending additional information, we favor the existence of a specific regulatory mechanism capable of controlling the flow of carbon through this sequence of reactions. Other factors appear to function in regulating the synthesis of the amines as well as serine. The possibility that the excess exogenous unlabeled amino acids present during these experiments were capable of stimulating amine formation should not be excluded. The different values obtained for serine are of interest in view of the report that the methyl carbon of methionine contributes significantly to serine formation in a variety of plant tissues (31) .
DISCUSSION
The principal difficulty associated with interpretation of the effects of lysine-threonine on a molecular level is the necessity of separating the primary site of action of the effectors from the multitude of secondary effects which accompany growth inhibition. Alteration in the rates of lysine and threonine uptake do not appear to be of sufficient magnitude to account for the synergistic effects of these amino acids. Although the initial rate of threonine uptake was increased about 15%7G in the presence of lysine and reduced an equivalent amount in the presence of lysine and methionine, the concentration of the effectors employed during these studies was at least five times the level required for maximal inhibition of growth (11) . The comparatively small stimulation of threonine incorporation would therefore seem to be of little consequence. Since threonine effectively inhibits the growth of these plants over an 80-fold concentration range in the presence of excess lysine, the slight reduction in threonine uptake in the presence of both lysine and methionine would correspondingly not seem to account for the relief of inhibition by methionine. Furthermore, changes in rates of uptake might delay or accelerate the onset of inhibition but would not cause or prevent it, particularly since the sensitivity of the plants to the effectors does not diminish as the plants develop (11) .
To facilitate a consideration of the metabolic changes resulting from growth of the plants in the presence of the effectors, a model describing a sequence of events is proposed in Figure 4 . The initial effect of lysine-threonine is considered to be concerted feedback inhibition of aspartokinase activity (Fig. 4, section 1 ).
Although direct in vitro evidence of such a mechanism in higher plants is not Figure 3 . Third, the synergistic effects of lysine and threonine are highly specific (11 (21) . It should be noted that the available data do not permit distinction between inhibition of enzyme activity and multivalent repression (14) , although there are few well documented examples of enzyme repression in higher plants (13) .
Reduction in the synthesis of normal derivatives of aspartic acid would be expected to lead to both an accumulation of soluble aspartic acid (Fig. 4, section 2 ) and increased production of alternate products such as glutamic acid and CO2 (Fig. 4,  section 3 ). Significant changes in the distribution of 'IC derived from aspartic acid as well as increased '4CO2 evolution were shown to occur in the presence of lysine and threonine. Although increased '4CO2 also occurred in the presence of lysine, threonine and methionine, it need not have been derived from the same precursors. There is little doubt that the combination of lysine and threonine results in inhibition of protein synthesis (Fig. 4,  section 4 ). This was observed in experiments using either '4C-lysine, '4C-threonine, or 14C-aspartic acid as well as direct chemical determinations. The actual mechanism whereby protein synthesis might be inhibited is discussed below. Failure of amino acids to be incorporated into protein will lead to their accumulation in the soluble fractions of plants grown on lysine and threonine (Fig. 4, suggests that methionine is centrally involved in the mechanism of action of the effectors. The proposed inhibition of aspartokinase activity could lead to reduced methionine biosynthesis. When '4C-aspartic acid served as the precursor, the amount of 14C-methionine recovered from treated plants was about one-half of that recovered from control plants after 6-or 12-hr incubation. If this reduced rate of synthesis is insufficient to support growth, then normal growth in the presence of exogenous lysine-threoninemethionine would be due to a simple supplementation of a limiting metabolite. However, methionine was not depleted from the soluble fractions of lysine-threonine-treated plants, but occurred at the same level as measured in control plants. This suggests that additional complications are associated with the function and/or metabolism of methionine.
One alternative explanation of the role of methionine in preventing inhibition would be a direct effect on the inhibited enzyme. The methionine concentration required for such a mechanism could readily be in excess of that capable of being synthesized in the presence of the effector amino acids. Methionine has, in fact, been shown to reverse the concerted inhibition of aspartokinase isolated from Bacillus polyrnyxa (27) . Reversal of enzyme inhibition would permit additional routes of aspartic acid metabolism to be utilized, thus preventing an increase in aspartic acid concentration and initiation of the sequence of metabolic alterations leading to growth inhibition outlined in Figure 4 . Again only indirect evidence can be cited in support of this possibility. Two unrelated amino acids, norleucine and valine, can partially negate the effects of lysine and threonine on gemmaling growth (11) . They also reverse the synergistic inhibition of the B. polynmyxa aspartokinase (27) . If the mechanism of action of the two unrelated amino acids and methionine is identical in Marchantia, increased aspartokinase activity would be predicted. Reversal of enzyme inhibition is also indirectly suggested by data presented in Figure 3 . Thus, when the available precursor is considered, the levels of the pathway products in plants grown in the presence of lysine, threonine and methionine would be similar to those in control plants.
An alternate way in which the lack of methionine depletion in soluble extracts of lysine-threonine-inhibited plants can be reconciled with an internal methionine limitation is to assume that multiple pools of intracellular methionine exist. Such physiological compartmentation has been identified for a number of metabolites (24) but specific information on methionine is not available. Our results suggest at least two pools would be required, both of which must be accessible to exogenous methionine. One (12, 17) . The recent information concerning regulation of bacterial and plant metabolism, provided by Jensen (16) and Oaks (23, 25) respectively, clearly demonstrates that an alteration in the concentration of one metabolite will have a number of heretofore unpredicted effects on metabolism. Therefore, it is conceivable that a specific inhibitor of protein synthesis could be derived from aspartic acid (4) or that the unbalanced metabolism resulting from treatment of plants with lysine and threonine could lead to a diminished supply of a metabolite requisite for protein synthesis.
The proposed model attempts to provide a rational explanation of the metabolic changes that occur when Marchantia gemmalings are grown in the presence of lysine and threonine. Although the model is consistent with the available data, it is obvious that many details remain to be established. For example, isolation and analysis of the regulatory properties of aspartokinase remains a central problem, and examination of the possibility of methionine compartmentation will be required. The results of the current studies have, nevertheless, drawn attention to the variety of changes that accompany growth inhibition. In this context, it would be particularly interesting to know whether similar changes occur in those bacteria that have been shown to be specifically inhibited by lysine plus threonine (3, 6, 26) . Such information would be useful in evaluating whether similar physiological functions of regulatory mechanisms can be ascribed to multicellular plants and bacteria.
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